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Abstract
The seesaw mechanism to derive the light masses of left-handed neutrinos using heavy masses of
right-handed neutrinos gives rise to a connection between low-energy measurables and GUT-scale
mechanism. We expresses the neutrino mixing angles in terms of a single variable sin θ13, whose
size was measured recently. The lepton asymmetry from heavy neutrinos via Yukawa coupling
is described by CP phases in both Dirac and Majorana type. It is shown that the seesaw scale
relevant to the lepton asymmetry can be constrained by CP phase in this minimal model.
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I. INTRODUCTION
The transformation between three active neutrinos of Standard Model(SM) and massive
neutrinos is almost understood from the measurements of three mixing angles except a CP
phase [1][2][3][4]. The current global analysis presents the following best fits: sin2 θ12 =
3.08 × 10−1, sin2 θ23 = 4.37 × 10−1, and sin2 θ13 = 2.34 × 10−2 for normal hierarchy mass
ordering(NH), i.e., assuming m1 < m2 < m3 [5][6][7]. The current knowledge on neutrino
masses is still nothing but the mass-squared differences, m23 − m21 = 2.43 × 10−3eV2 and
m22 − m21 = 7.54 × 10−5eV2 for atmospheric neutrinos and solar neutrinos, respectively.
Recent measurements of the third mixing angle θ13 have been naturally followed by search
of the CP phase in Pontecorvo-Maki-Nakagawa-Sakata(PMNS) . The CP conservation at
3σ confidence level(CL) has been excluded by the result of T2K [8]. A next-generation
oscillation experiment is rushing to narrow down the range of δ, the CP phase of PMNS
matrix [9].
Leptogenesis is a theory regarded as an explanation of the Baryon-antibaryon Asymmetry
in Universe(BAU) [10][11][12], in which an indirect test is possible. If the decays of heavy
Majorana neutrinos via Yukawa couplings are the sources of leptonic CP violation and the
heavy neutrinos are the elements in seesaw mechanism [13][14], some parameters can be
tested phenomenologically [15]. It is worthwhile to examine the implication of the sizes of
θ13 and δ in a canonical leptogenesis model. Seesaw mechanism is a top-down approach in
which the light neutrino masses are obtained through Grand Unified Theory(GUT)-scale
mechanism [16]. In this work, bottom-up approach is taken to probe the lepton asymmetry
of heavy-neutrino decays in high-energy scale by using the masses and the mixing angles of
light neutrinos in low energy.
In order to see the effect from the definite size of θ13 on the high-energy asymmetry, all
the elements of PMNS matrix are expressed in terms of a single variable sin θ13 except CP
phase. One of the minimal choices is made for seesaw mechanism, which is that Yukawa
matrix is constructed only with two right-handed neutrinos. We found the way to express
3 × 2 Dirac mass matrix by matching the light neutrino mass matrix obtained from the
seesaw mechanism to the low energy neutrino mass matrix in weak interaction basis. Our
previous work on the seesaw mechanism in bottom-up approach was also based on 3 × 2
structure for Dirac mass, although a texture zero in matrix was forced [17]. This work
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is outlined as follows: The neutrino mass matrix is constructed with masses and unitary
transformation in Section II. We derive a mass matrix using the seesaw mechanism and CP
asymmetry from the decay of right-handed neutrino via Yukawa coupling in Section III. In
Section IV, We examine the dependency of the lepton asymmetry on low-energy parameters.
It is worthwhile to discuss the correlation of the lepton asymmetry with CP phases in PMNS
matrix. In conclusion, we summarize the relation of the lepton asymmetry with low-energy
measurables and the possibility to narrow down the models of seesaw mechanism.
II. LOW-ENERGY CONSTRAINT
The PMNS mixing matrix for 3 generations of Majorana neutrinos is given by
U˜ = R (θ23)R (θ13, δ)R (θ12)P (ϕ2, ϕ3) (1)
where each R is a rotation matrix with a mixing angle θij between i-th and j-th genera-
tions. According to the standard parametrization, the Dirac phase is combined with θ13
as R (θ13, δ) in the PMNS matrix. A diagonal phase transformation P (ϕ2, ϕ3) is given by
Diag
(
1, eiϕ2/2, eiϕ3/2
)
. The Majorana phases ϕ2 and ϕ3 can be a part of the mass matrix of
light neutrinos in the following way:
Mν = UDiag(m1, mˇ2, mˇ3)U
T , (2)
where U ≡ U˜P−1, mˇ2 ≡ m2eiϕ2 and mˇ3 ≡ m3eiϕ3 . The standard parametrization for
Cabibbo-Kobayashi-Maskawa(CKM) matrix can be taken for transformation matrix U in
the PMNS such as
U =

c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 , (3)
where sij and cij denotes sin θij and cos θij.
The measurement of θ13 from recent reactor anti-neutrino detection allows the following
conditions:
s12 =
1√
2
− s13, (4)
s23 =
1√
2
− s213. (5)
3
Such deviation from bi-maximal mixing scheme was introduced in a number of models. By
substituting Eq.(4) and Eq.(5) into Eq.(3) the neutrino mixing matrix in the leading order
can be written as;
U ≈

1√
2
1√
2
0
−1
2
1
2
1√
2
1
2
−1
2
1√
2
 (6)
+ s13

1 −1 e−iδ
1√
2
− 1
2
e+iδ 1√
2
− 1
2
e+iδ 0
− 1√
2
− 1
2
e+iδ − 1√
2
− 1
2
e+iδ 0
+O(s213).
Suppose m1 = 0 in an extreme case of normal hierarchical mass ordering. Since only the
difference of each Majorana phase relative to overall phase becomes physical, one of the
Majorana phases in Eq.(1) can be removed due to vanishing m1. The symmetric neutrino
mass matrix in Eq.(2) appears as
Mν = m˜3

s213e
−2ıδ 1√
2
s13e
−ıδ 1√
2
s13e
−ıδ
X 1
2
1
2
X X 1
2
 + (7)
m2

1
2
−√2s13 12√2
(
1−√2s13
) (
1−√2s13 + s13eıδ
) − 1
2
√
2
(
1−√2s13
) (
1−√2s13 + s13eıδ
)
X 1
4
(
1−√2s13 + s13eıδ
)2 −1
4
(
1−√2s13
) (
1 +
√
2s13 + s13e
ıδ
)
X X 1
4
(
1 +
√
2s13 + s13e
ıδ
)2
 ,
where m˜3 ≡ m3eiϕ with ϕ = ϕ3 − ϕ2.
The quantities related to the imaginary part of PMNS are Jarlskog invariant JCP and
effective electron neutrino mass < mee >. Jarlskog invariant evaluates the magnitude of
CP asymmetry from Dirac phase, which can be estimated from oscillation probability in
appearance experiments. Thus, from U in Eq.(6), the size of JCP is expressed in a simple
combination of s13 and Dirac phase δ as follows,
JCP = Im[Ue1Uτ3U
∗
τ1U
∗
e3] (8)
=
1
4
s13 sin δ − 1
2
s313 sin δ +O(s513), (9)
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The effective electron neutrino mass < mee > is the only neutrino-dependent factor to
determine the amplitude of neutrinoless double beta decay.
< mee > ≡ |
3∑
i=1
U2eimie
iϕi | (10)
= m2
(
1
2
−
√
2s13 + s
2
13
)
(11)
+ m3
(
cos (2δ + ϕ) s213 +
m3
m2
sin2 (2δ + ϕ) s413
)
,
Since the < mee > of normal hierarchical masses is far below the sensitivity pursued by
on-going neutrinoless double-beta decay experiments, we do not discuss it any longer in this
work.
III. YUKAWA INTERACTION AND SEESAW MECHANISM
Canonical model of seesaw mechanism to suppress neutrino masses below 1 eV using
heavy neutrino mass scale requires SU(2) Higgs doublet, whose existence was definitely
confirmed. The lagrangian density for seesaw mechanism consists of Yukawa couplings of
leptons and lepton-number-violating Majorana mass terms of right-handed heavy neutrinos.
− L = HY`Lee¯R +HYνLeN¯R + 1
2
MRNRNR, (12)
The minimal model that assumes CP violation from heavy neutrino decay through Yukawa
coupling requires at least two right-handed neutrinos. We consider the following particle
contents: NR = (N1, N2) in the basis mass matrix MR is diagonal, and νl = (νe, νµ, ντ ) in
the basis Yukawa coupling of charged leptons Y` is diagonal. The L consists of a 3 × 3
matrix Y`, a 3× 2 matrix Yν and a 2× 2 matrix MR, which naturally result in zero mass for
one of light neutrinos through the seesaw mechanism[16], Mν = −v2YνM−1R YTν in top-down
approach.
In bottom-up approach, it is possible to trace the matrix Yν in terms of light neutrino
masses and mixing angles using the seesaw mechanism in opposite direction. When the 3×2
Yukawa matrix is given by
Yν ≡

y11 y12
y21 y22
y31 y32
 , (13)
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the Yukawa couplings are imbedded in symmetric neutrino mass matrix in the following
way:
Mν =
v2
M1

y211 y11y21 y11y31
X y221 y21y31
X X y231

+
v2
M2

y212 y12y22 y12y32
X y222 y22y32
X X y232
 , (14)
where M1 and M2 are the masses of N1 and N2, respectively, and v is the vacuum expectation
value of H.
In comparison of the Mν in terms of low-energy physical parameters Eq.(7) with the Mν
in terms of Yukawa couplings Eq.(14), we obtained the following relations;
y11
y21
y31
 =
√
m3
m2
eıϕ/2

s13e
−ıδ
1√
2
1√
2
 (15)

y12
y22
y32
 =
√
M2
M1

1√
2
− s13
1√
2
(
1√
2
− s13 + 1√2s13eıδ
)
− 1√
2
(
1√
2
+ s13 +
1√
2
s13e
ıδ
)
 . (16)
All Yakawa couplings are determined in terms of 5 physical values: s3, δ, ϕ,
√
m3/m2, and√
M2/M1, implying there can be a way to test the model and constrain the scale of seesaw
mechanism from experimental measurements.
Once we have the neutrino Yukawa matrix with the couplings in Eq.(15) and Eq.(16),
we can calculate the magnitude of CP asymmetry i in decays of heavy Majorana neutrinos
[12, 14],
i =
Γ(Ni → `H)− Γ(Ni → ¯`H∗)
Γ(Ni → `H) + Γ(Ni → ¯`H∗)
, (17)
where i denotes a generation. If the scale of M1 is far below M2, the CP asymmetry is solely
obtained from the decay of M1 [12, 14]. Hence, the asymmetry is replaced by just 1 whose
magnitude is given by
1 =
1
8pi
Im
[
(Y†νYν)212
]
(Y†νYν)11
f
(
M2
M1
)
, (18)
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where f (M2/M1) represents loop contribution to the decay width from vertex and self
energy. In the Standard Model, it is given by
f(x) = x
[
1− (1 + x2) ln 1 + x
2
x2
+
1
1− x2
]
, (19)
which can be approximated to 3/2x for sufficiently large x. Then the asymmetry 1 in
Eq.(18) can be written as
1 =
3
16pi
∆1
M1
M2
, (20)
for M1 M2. The ∆1 factor that depends on Yukawa couplings is
∆1 ≡
Im
[
(Y†νYν)212
]
(Y†νYν)11
(21)
=
Im [(y∗11y12 + y
∗
21y22 + y
∗
31y32)
2]
|y11|2 + |y21|2 + |y31|2 ,
=
µ2s213
1 + s213
(√
2 sin (ϕ− δ)− 1
2
sin (ϕ− 2δ)− sinϕ
)
,
with
µ2 =
M2
M1
. (22)
Then, the ratio of heavy Majorana neutrino masses is eliminated in 1, so that one can have
1 = 1(δ, ϕ, s13) regardless of the relative mass scale of heavy neutrinos.
IV. LEPTON ASYMMETRY
The baryon density of our universe ΩBh
2 = 0.02240 from nine-year Wilkinson Mi-
crowave Anisotropy Probe(WMAP) data indicates the observed baryon asymmetry in the
Universe[18],
ηCMBB =
nB − nB¯
nγ
= 6.5× 10−10, (23)
where nB, nB¯ and nγ are number density of baryon, anti-baryon and photon, respectively.
The baryon asymmetry Eq.(23) can be rephrased by
YB =
nB − nB¯
s
' 9.8× 10−11. (24)
with the entropy density s in order to take into account the number density with respect to
a co-moving volume element. The baryon asymmetry produced through sphaleron process is
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related to the lepton asymmetry [11] by YB =
a
a−1YL with a ≡ (8NF +4NH)/(22NF +13NH).
For the Standard Model(SM), a = 28/79 with three generations of fermions and a single
Higgs doublet. The lower bound of YB = 9.8 × 10−11 in Eq.(24) can be replaced by YL =
1.8× 10−10. The generation of a lepton asymmetry requires the CP-asymmetry and out-of-
equilibrium condition. The YL is explicitly parameterized by two factors, , the size of CP
asymmetry, and κ, the dilution factor from washout process.
YL =
(nL − nL)
s
= κ
i
g∗
(25)
where g∗ ' 110 is the number of relativistic degree of freedom.
The κ in Eq.(25) is determined by solving the full Boltzmann equations. The κ can be
simply parameterized in terms of K, which is defined as the ratio of Γ1 the tree-level decay
width of N1 to H the Hubble parameter at temperature M1, Γ1/H. The condition K < 1
describes processes out of thermal equilibrium and κ < 1 describes washout effect[11],
κ =
0.3
K (lnK)0.6
for 10 . K . 106, (26)
κ =
1
2
√
K2 + 9
for 0 . K . 10. (27)
The decay width of N1 by the Yukawa interaction at tree level and Hubble parameter in
terms of temperature T and the Planck scale Mpl are Γ1 = (Y†νYν)11M1/(8pi) and H =
1.66g
1/2
∗ T 2/Mpl, respectively. At temperature T = M1, the ratio K is
K =
Mpl
1.66
√
g∗(8pi)
(Y†νYν)11
M1
, (28)
which reduces to
K =
Mpl/M1
1.66
√
g∗(8pi)
m3
m2
, (29)
since (Y†νYν)11 =
∑ |yi1|2 = m3/m2 up to the leading order of s13 from Eq.(15), Then
the dilution factor κ depends on the relative scale of Mpl/M1 and the ratio of light masses
m3/m2, so that
YL =
1
g∗
κ (
Mpl
M1
,
m3
m2
) 1(δ, ϕ, s13), (30)
which implies that the thermal effect is a matter of mass scales while the CP asymmetry is
a matter of complex mixing of particles.
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In this framework of bottom-up approach, some of low energy quantities can be fixed by
best fit in global analysis,
m2
m3
=
√
∆m221
∆m231
≈ 0.176, (31)
s13 = sin θ13 ≈ 0.157, (32)
where their 3σ-ranges are given by (0.164 − 0.192) and by (0.133 − 0.171), respectively.
The curves in Fig. 1 present the contours of lepton asymmetry YL = ±1.8×10−10 for m2/m3
given in Eq.(32) and a selected scale of M1/Mpl. The region below the size of YL derived
from the cosmological bound YB is shaded, excluding the corresponding combination of ϕ
and δ . Both signs of asymmetry are taken into account. It is clear that the amount of lepton
asymmetry cannot be reached to the cosmological bound without Dirac phase, although they
are not proportional to each other. In this model, δ = 0 is excluded regardless other variables
in Eq.(30) as long as their values are considered within phenomenologically allowed ranges.
It is also shown that the variation of sin θ13 within 3σ range does not draw a remarkable
change in lepton asymmetry YL, and neither does the variation of m2/m3 in 3σ. The changes
in YL affected by m2/m3 is barely visible. The experiments of long-baseline oscillation began
obtaining results on Dirac CP phase. The red shades in Fig.1 and Fig.2 present the ranges
of δ at 68% and 90% CL obtained by T2K with best fit −0.5pi. The CP conservation is
ruled out at 90% CL.
The amount of lepton asymmetry in Eq.(25) is now given as a function of δ and ϕ as well
as M1/Mpl such as
YL =
1
g∗
κ
(
M1
Mpl
)
1 (δ, ϕ) , (33)
because the variation in m2/m3 and that in s13 do barely affect YL. It turns out that the
washout effect of asymmetry is mainly affected by the lightest mass of heavy Majorana
neutrino M1, in other word, the scale of seesaw mechanism. It appears as the ratio to the
planck scale M1/Mpl. According to Eq.(27), there is an upper bound 17% to the dilution
factor κ no matter how strong the out-of-equilibrium condition is. The relation of K with
M1 in Eq.(28) implied that the lower M1 scale becomes, the more asymmetry is washed
out, as shown in Fig.2. The areas enclosed by different contours indicate the cosmological
bound derived from different scales of M1. As the seesaw scale M1 decreases, the region for
9
FIG. 1. Contours of YL = ±1.8× 10−10, where s13 varies within 3σ range in global analysis. The
dark shade in the center indicates the range excluded by the cosmological bound. The boundaries
between the gray shade and the blue bands represent YL corresponding to the value s13 = 0.171.
The dashed curves and the outmost curves in the blue bands represents YL for s13 = 0.157 and
0.133, respectively. Red shades are the δCP ranges of T2K at 68% CL and 90% CL.
sufficient asymmetry becomes narrower. For example, the scale M1 below 10
−6Mpl is not
compatible with the Dirac CP phase within T2K 68% CL.
V. CONCLUSION
In a minimal seesaw model with two right-handed neutrinos, the lepton asymmetry YL
for Baryogenesis can be probed by low-energy phenomenology. For sufficient YL, the model
requires non-zero δ. Although the size of YL depends on the values of m2/m3 and s13, its
variations within current uncertainties of those parameters are almost invisible. Once mixing
angles are fixed, the asymmetry is described by seesaw-scale factor and by experimentally
measurable factor, as shown in Eq.(33). One can expect that the precise measurement of δ
10
FIG. 2. Contours of YL = ±1.8× 10−10 depending on M1/MPl. The boundaries of dark shade are
obtained from M1/MPl = 10
−5. The curves from M1/MPl = 10−5.5 and 10−6 extend the excluded
region so as to narrow down |YL| > 1.8× 10−10 areas.
in future experiments can constrain the right-handed neutrino mass for seesaw mechanism.
[1] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1562 (1998)
S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 86, 5651 (2001)
[2] Q. Ahmad et al. [SNO Collab.], Phys. Rev. Lett. 87, 071301 (2001); Phys. Rev. Lett. 89,
011301 (2002);
[3] F. P. An et al. [DAYA-BAY Collaboration], Phys. Rev. Lett. 108, 171803 (2012)
[4] J. K. Ahn et al. [RENO Collaboration], Phys. Rev. Lett. 108, 191802 (2012)
[5] J. Beringer et al. [Particle Data Group Collaboration], Phys. Rev. D 86, 010001 (2012).
[6] F. Capozzi, G. L. Fogli, E. Lisi, A. Marrone, D. Montanino and A. Palazzo, Phys. Rev. D 89,
093018 (2014)
[7] D. V. Forero, M. Tortola and J. W. F. Valle, Phys. Rev. D 86, 073012 (2012)
[8] L. Escudero [T2K Collaboration], Nucl. Part. Phys. Proc. 273-275, 1814 (2016).
11
[9] R. Acciarri et al. [DUNE Collaboration], arXiv:1512.06148 [physics.ins-det].
[10] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).
[11] J. A. Harvey and M. S. Turner, Phys. Rev. D 42, 3344 (1990). E. W. Kolb and M. S. Turner,
“The Early Universe,” Addison-Wesley, 1990 H. B. Nielsen and Y. Takanishi, Phys. Lett. B
507, 241 (2001)
[12] E. W. Kolb and S. Wolfram, Nucl. Phys. B 172, 224 (1980) [Erratum-ibid. B 195, 542 (1982)].
[13] V. Barger, D. A. Dicus, H. J. He and T. j. Li, Phys. Lett. B 583, 173 (2004)
[14] M. A. Luty, Phys. Rev. D 45, 455 (1992). Phys. Lett. B 345, 248 (1995) [Erratum-ibid. B 382,
447 (1996)] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384, 169 (1996) W. Buchmuller
and M. Plumacher, Phys. Lett. B 431, 354 (1998) W. Buchmuller and M. Plumacher, Int. J.
Mod. Phys. A 15, 5047 (2000)
[15] T. Endoh, S. Kaneko, S. K. Kang, T. Morozumi and M. Tanimoto, Phys. Rev. Lett. 89, 231601
(2002) S. Davidson and A. Ibarra, Nucl. Phys. B 648, 345 (2003) T. Hambye, G. C. Branco,
R. Gonzalez Felipe, F. R. Joaquim, I. Masina, M. N. Rebelo and C. A. Savoy, Phys. Rev.
D 67, 073025 (2003) A. de Gouvea, B. Kayser and R. N. Mohapatra, Phys. Rev. D 67,
053004 (2003) S. Pascoli, S. T. Petcov and W. Rodejohann, Phys. Rev. D 68, 093007 (2003)
W. Grimus and L. Lavoura, J. Phys. G 30, 1073 (2004) A. Ibarra and G. G. Ross, Phys.
Lett. B 591, 285 (2004) S. Davidson and R. Kitano, JHEP 0403, 020 (2004) M. C. Chen and
K. T. Mahanthappa, Phys. Rev. D 71, 035001 (2005)
[16] M. Gell-Mann, P. Ramond and R. Slansky, Print-80-0576 (CERN). T. Yanagida, Proceed-
ings Of The Workshop On The Unified Theory And The Baryon Number In The Universe,
R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980)
[17] S. H. Lee and K. Siyeon, Phys. Rev. D 71, 096006 (2005)
[18] G. Hinshaw et al. [WMAP Collaboration], Astrophys. J. Suppl. 208, 19 (2013)
P. A. R. Ade et al. [Planck Collaboration], Astron. Astrophys. 594, A13 (2016)
12
